In fission yeast, the length of interphase microtubule (iMT) arrays are adapted to cell length so as to maintain cell polarity and to help centre the nucleus and cell division ring. 
Introduction
Microtubule (MT) length control is important for multiple cellular processes including vesicle transport, mitotic spindle size, chromosome bi-orientation and cilia function (Kuan & Betterton, 2013; Niwa et al., 2012; Wang et al., 2016; Wordeman & Stumpff, 2009 ). In the fission yeast, Schizosaccharomyces pombe, arrays of interphase microtubules (iMT) grow along the long axis of the cell and undergo catastrophe at cell ends. Interaction of iMTs with the cell end cortex is required to maintain cell polarity and correctly position the nucleus and cell division ring (Huang et al., 2007; Martin, 2009; Tran et al., 2001) . The maintenance of cell polarity and positioning of the division ring requires transport of the Kelch-repeat protein Tea1 and SH3-domain protein Tea4 on the plus tips of iMTs by association with Tea2 (Kinesin-7) and their deposition at cell ends following interaction of iMTs with the cell end cortex (Martin, 2009; Martin et al., 2005; Mata & Nurse, 1997; Sawin & Snaith, 2004; Snaith et al., 2005; Tatebe et al., 2005) . Reconstitution and live-cell imaging experiments reveal that association of Tea2 (Kinesin-7) to the growing plus tips of MTs requires two other components, Mal3 (EB1 homologue) and Tip1 (Clip170 homologue) (Akhmanova & Steinmetz, 2008; Bieling et al., 2007; . The presence of the Tea2/Tip1/Mal3 complex, but not its cargo, at the MT plus tip also prevents premature MT catastrophe in the cytoplasm (Verde et al., 1995) . Members of the Kinesin-8 family have attracted particular attention as regulators of MT length because they are both highly processive motors and undergo a conformational switch at the MT plus tip that promotes MT disassembly (ArellanoSantoyo et al., 2017; Su et al., 2012; Su et al., 2011; Tischer et al., 2009; Varga et al., 2006; Varga et al., 2009 ). These features have given rise to the "antenna model" for MT length control whereby more Kinesin-8 accumulates at the plus tips of longer MTs, thus increasing the likelihood of catastrophe and MT shrinkage (Leduc et al., 2012; Varga et al., 2006; Varga et al., 2009) . Fission yeast contains two Kinesin-8 motors, Klp5 and Klp6 , that function as an obligate heterodimer. Deletion of either gene causes numerous mitotic defects and overgrowth of interphase MTs, which result in defective nuclear positioning and loss of cell polarity, particularly in longer cells (Garcia et al., 2002; Grissom et al., 2009; Sanchez-Perez et al., 2005; West et al., 2002; West et al., 2001 ). Timely shrinkage of iMTs also requires Mcp1, a +TIP that is distantly related to the Ase1/PRC1/MAP65 family of anti-parallel MT binding proteins (Akhmanova & Steinmetz, 2010; Pardo & Nurse, 2005; Zheng et al., 2014) . However, the precise role and relationship of these factors in controlling interphase MT length is unknown.
Results and Discussion
We find that, like Klp5 and Klp6, the intensity of Mcp1 increases at plus tips of iMTs as they grow and dwell at cell ends and decreases as iMTs undergo shrinkage . These functions may instead be due to association of Klp5/Klp6 to PP1, type-1-phosphatase (Dis2) (Meadows et al., 2011) . Consistently, Mcp1 is not required for Klp5 and Klp6 to bind the mitotic spindle or kinetochores during mitosis and is not present in the nucleus during mitosis (Figure 1 -figure supplement 3F -G).
We conclude, therefore, that Mcp1 is an interphase-specific regulator of Kinesin-8 mediated iMT length control in fission yeast.
To further understand the role of Mcp1 in Kinesin-8 function, we examined Klp5/Klp6 motility and accumulation at iMT plus tips in control and Dmcp1 cells by dual camera live-cell imaging ( Figure 1C ). We find that Klp5/Klp6 walks along the lattice of iMTs at 134 ± 28 nm/s, compared to average iMT growth speed of 69 ± 20 nm/s and accumulates at iMT plus ends, particularly as iMTs dwell at the cell end, and then dissociates following MT catastrophe ( Figure 1C-E) . In fact, Klp5/Klp6 walks faster (168 ± 37 nm/s) along the lattice of iMTs in the absence of Mcp1, although the growth speed of iMTs is unaffected. These data indicate that Mcp1 is required for the iMT destabilising function of Klp5/Klp6, perhaps by promoting its association to curved tubulin, but not for its processive motility. Instead it is likely that, like KIP3 and KIF18A, the highly processive motility of Klp5/Klp6 depends on MT binding site(s) in the Cterminal tail of those proteins (Mayr et al., 2011; Stumpff et al., 2011; Su et al., 2011; Weaver et al., 2011) . To quantify the intensity of Klp5/Klp6 at plus tips, mixed populations of cells lacking Mcp1 and control cells were imaged in the same field of view. Although the absence of Mcp1 does not influence Klp5 or Klp6 stability, as judged by western blot of whole cell extracts (Figure 1 -figure supplement 1E ), nor its intensity in the nucleus, Klp5/Klp6 accumulated to approximately half the level at iMT plus tips in the absence of Mcp1, even though iMTs dwell for longer at cell ends ( Figure   1F ). This may reflect a role for Mcp1 in enhancing the affinity of Klp5/Klp6 for the iMT lattice, resulting in additional runs to plus tips, or a role for Mcp1 in either retaining Klp5/Klp6 at plus tips or controlling the oligomeric status of the Klp5/Klp6 complex.
Further work is needed to distinguish between these possibilities.
We next examined the functional relationship between the Klp5/Klp6/Mcp1 and Tea2/Tip1/Mal3 kinesin complexes. In contrast to Klp5/Klp6/Mcp1, which accumulates in both a MT length-and dwell time-dependent manner, binding of Tea2 kinesin to plus tips is independent of MT length (Figure 2A and/or displace it from plus tips. Regardless, our work emphasises that iMT length control in cells is a complex emergent property reflecting competition and collaboration between multiple factors that influence tubulin dynamics. In the case of fission yeast, MT-destabilising Kinesin-8 motors accumulate at plus ends in a manner that is dependent on MT length and lifetime (as in the antenna model), but access to the MT plus end is controlled in time and space by an engagement mechanism that slows growth and favours unloading of the Tea2 complex. These two mechanisms act as separable layers of control that overlie the fundamental mechano-sensitive dynamics of tubulin itself at iMT plus ends.
Materials and Methods

Cell Culture and Strain Construction
Media and the growth and maintenance of strains were as described previously (Moreno et al., 1991) . All experiments were performed at 29.5°C unless stated. A full list of strains and oligonucleotides used in this study can be found in Supplementary File 1 and Supplementary File 2 respectively.
Deletion of mcp1 with natMX6, hphMX6 and kanMX6, C-terminal tagging of mcp1 with GFP, and C-terminal tagging of klp5 and klp6 with mNeonGreen were carried out by two-step PCR gene targeting as described previously (Krawchuk & Wahls, 1999) . The mcp1, klp5 and klp6 genes were also C-terminally tagged with RFP, mCherry or TdTomato. However, the fluorescence intensity of the resultant strains was too low and bleached too quickly to enable time-lapse live-cell imaging. N-terminally tagged lys1::nmt1-GFP-mcp1 was constructed by amplifying the mcp1 ORF flanked by attB1 sites. The resulting PCR product was cloned into pDONR221 TM and then shuttled to pLYS1U-HFG1c using Gateway LR clonase II enzyme mix (Invitrogen, USA).
Following linearisation with NruI this construct was integrated into S. pombe strains at the lys1 locus and confirmed with PCR.
Live-Cell Fluorescence Microscopy
Live-cell analyses were performed in imaging chambers (CoverWell PCI-2.5, Grace
Bio-Labs) filled with 1 mL of 1% agarose in minimal medium and sealed with a 22 × 22 mm glass coverslip. 
Registration of Images in the TuCam System
Registration of the 2 channels recorded simultaneously by 2 separate cameras was performed after acquisition using a reference image and ImageJ plugins for both image registration and transformation. Before every experiment, 3 2-channel reference images of 0.5 µm beads (calibration slide, Tetraspec Molecular Probes) in both the mNeonGreen/GFP and TdTomato/mCherry channels were captured.
Following the experiment, reference images were again collected to compare for changes in calibration during the imaging session. Next, the channels in one of the reference images were registered using similarity transformation in the ImageJ plugin RVSS (Register Virtual Stack Slices) which performs registration using translation, rotation and isotropic scaling. This file was further tested on the remaining 2-channel reference images using the ImageJ plugin TVSS (Transform Virtual Stack Slices) and the transformation file saved for further use. Registered images were inspected to confirm correct alignment of both channels across the whole field of view. Finally, the transformation file was used to register the channels of the corresponding batch of experimental data.
Kymograph Generation and Analysis
Kymographs were produced from data generated on the TuCam system. Mid-log phase cells were imaged for both green (mNeonGreen and GFP) and red (TdTomato and mCherry) tags simultaneously with 150 ms exposure every 200 ms for 2 minutes using 6% laser power for both channels. PFS was set to ON for all time points. Camera noise was suppressed by filtering all images using the Mean Filter in ImageJ set to 1x1. A single focal plane was used to increase temporal resolution. Only microtubules that remained in this plane throughout image acquisition were used to generate kymographs with the ImageJ plugin KymoResliceWide set to generate average maximum intensities for each frame perpendicular to a manually drawn line 10 pixels wide with spline fit.
Kymographs were analysed for fluorescence levels at the MT plus tip relative to MT length using a manually drawn line. MT shrinkage was defined as the first frame in which unambiguous MT shrinkage was first observed. MT growth speed was fluorescence levels for each channel (relative to 100% maximum intensity for each trace) and position. These plots were generated using the Gel Analyzer tool in ImageJ.
Relative Fluorescence Intensity Quantification
To compare the levels of the fluorescently-tagged proteins in two strain backgrounds, we performed mixing experiments to allow quantification within the same field of view on the TuCam system. Mid-log phase cells were excited for both green (mNeonGreen and GFP) and red (mCherry) tags simultaneously with 150 ms exposure for each of 11 Z sections (0.3 µm apart) every 2 s for 4 minutes using 6% laser power for both channels. PFS was initialised every 5 time points. Camera noise was suppressed by filtering all images using the Mean Filter in ImageJ set to 1x1 and Z stacks were flattened by maximum intensity projection. Fluorescence levels were quantified using a 5 x 5 pixel oval region of interest and determining the mean value. For plus tip values this signal had to be associated with the end of an iMT and was recorded in the frame immediately prior to MT shrinkage, for nuclear signals measurements were taken in the first frame. Background subtraction was performed against the cytoplasmic signal in all instances. Mitotic cells were excluded from the analysis.
iMT Dwell Time Analysis
Cells expressing GFP-atb2 were grown until mid-log phase and then microtubules imaged live using the single-camera Andor spinning disk confocal system. 8 z-stacks (0.5 µm apart) were taken with exposure times of 100 ms every 5 s for 10 minutes for GFP. These time-lapse series were then flattened in the Z dimension by maximum intensity projection in ImageJ. Dwell time was defined as the length of time the iMT plus end remained in the final 1.1 µm of a cell, with the cell perimeter defined by background GFP fluorescence. 1.1 µm is the mean length (plus one standard deviation) for the curved end of wild type cells and accounts for 84% of shrinkage events. Dwell times were measured for the full 10 minutes of each movie. ~100 dwell times were measured for each condition.
Imaging of plus tip proteins relative to iMT length
For 
Analysis of Cell Curvature
Since polarity defects are emphasised in longer cells, cdc25-22 cells were grown at 28˚C until mid-log phase at which point they were shifted to 35.5˚C for 6 hours to arrest at G2/M and then imaged live on the Nikon wide field system. 18 z-stacks (0.2 µm apart) were taken with a 100 ms exposure time for bright-field. Each experiment analysed at least 280 cells, was repeated 3 times and excluded cells that were less than 14 µm long. The z-stack containing the middle of the cell was used for analysis, minutes. Following centrifugation at 4˚C, beads were washed 3 times in lysis buffer before being heated at 100˚C in SDS-sample buffer for 6 minutes.
Precipitates using immune (I) or pre-immune (PI) sera and whole cell extracts (WCE)
were migrated using SDS-PAGE and transferred to nitrocellulose membrane. GFP was detected using anti-GFP sheep polyclonal (1/5000, Kevin Hardwick) and HRPconjugated anti-sheep secondary antibody (1/10000, Jackson ImmunoResearch, USA). Myc was detected using anti-Myc mouse monoclonal (1/500, Abcam, UK) and HRP-conjugated anti-mouse secondary antibody (1/10000, GE Health Care, USA).
Tubulin was detected by anti-TAT1 mouse monoclonal (1/1000, Keith Gull) and HRPconjugated anti-mouse secondary antibody (1/10000, GE Health Care, USA). ECL detection was performed using Amersham ECL system (GE Healthcare).
Statistics
Since some data sets were not normally distributed, as ascertained by the ShapiroWilk test, the nonparametric two-sample Kolmogorov-Smirnov test was used throughout to determine the probability that two data-sets come from different Fluorescence values were recorded in the first frame for nuclear levels of Klp5/Klp6 in control (n=50) and ∆mcp1 ∆tea2 (n=50) cells or levels of Klp5/Klp6 at the plus tip in the frame prior to microtubule shrinkage in control (n=50) and ∆mcp1 ∆tea2 (n=50) cells. 
